In Escherichia coli, the major nucleoid protein H-NS limits transcription by acting as a repressor or transcriptional silencer, presumably by its ability to close the looped chromosome domains in the nucleoid through DNA-protein-DNA bridging. Here, we demonstrate the direct involvement of H-NS as a positive factor stimulating translation of the malT mRNA. In vitro studies showed that H-NS facilitates a repositioning of the 30S preinitiation complex on the malT mRNA. H-NS stimulation of translation depended on the AU-rich À35 to À40 region of the mRNA. Several additional examples were found demonstrating a novel function for H-NS in translation of genes with suboptimal ribosome-binding sequences.
The nucleoid structuring protein H-NS is a major component of the bacterial nucleoid, where it binds intrinsically curved DNA, acting as a repressor of transcription (Varshavsky et al. 1977; Lammi et al. 1984; Yamada et al. 1991; . In Escherichia coli, H-NS and the largely homologous but less abundant protein StpA are coordinately expressed (Zhang and Belfort 1992; Sondé n and Uhlin 1996; Johansson and Uhlin 1999; Johansson et al. 2001 ). H-NS appears to be a multipurpose regulatory protein involved in the global control of gene expression in Gram-negative bacteria (Johansson et al. 1998; Schrö der and Wagner 2002) . Most H-NS-mediated modulation of gene expression occurs at the transcriptional level, with H-NS acting primarily as a transcriptional repressor (Falconi et al. 1993; ). H-NS has also been described as a transcriptional silencer, and some transcriptional activators are thought to act as anti-repressors/anti-silencers, specifically by counteracting repression of genes by H-NS (Gö ransson et al. 1990; Uhlin 1994; Navarre et al. 2007 ). Some reports have also hinted at post-transcriptional H-NS functions (Yamashino et al. 1995; Brescia et al. 2004; Silva et al. 2008) . Here, we report a hitherto unrecognized function of H-NS in the direct activation of translation of certain mRNAs.
Results and Discussion
MalT is the transcriptional activator of the E. coli maltose regulon (Boos and Shuman 1998) . Using malT-lacZ translational fusions, we found that expression of MalT was reduced in strains lacking H-NS and H-NS/StpA (Johansson et al. 1998 ). Comparison of malT-lacZ transcriptional (Alonzo et al. 1998 ) and translational fusions in hns and stpA mutant bacteria confirmed a translational effect (Fig. 1A; Johansson 2000) . To further investigate the effect of H-NS and/or StpA on malT gene expression, we designed an in vitro translation assay system using E. coli S30 extract prepared according to Kigawa et al. (2004) from strain BSN29, which lacks both H-NS and StpA (Supplemental Fig. S1 ). The Shine-Dalgarno (S-D) sequence of malT (59-UGAAGU-39) differs from consensus S-D sequences (59-AGGAGG-39) in E. coli. Translation of MalT is known to be stimulated up to 20-fold by an A-to-G change in the S-D sequence of malT mRNA (Chapon 1982) . Replacing the wild-type GAAG with GGAG results in a 1-nucleotide (nt) shift and a stronger base-pairing interaction of the anti-S-D sequence of 16S rRNA with the S-D sequence (Supplemental Fig. S2 ). Equal amounts of wildtype (malT WT ) transcripts and transcripts carrying the base substitution in the S-D sequence (malT P7 ) were used in the in vitro translation system. Translation of malT WT mRNA was stimulated by the addition of H-NS, in a dose-dependent manner (Fig. 1B, top ). As expected, the level of malT P7 mRNA translation was already efficient, and was not stimulated further by the addition of H-NS (Fig. 1B,  bottom) . Addition of StpA to the translation reaction had no effect (data not shown). Direct studies of MalT protein levels in bacterial cells with the malT WT or malT P7 alleles on the chromosome, and with wild-type or Dhns alleles, established the physiological relevance of the in vitro experiments. The levels of MalT and H-NS proteins were detected by Western blot analysis (Fig. 1C) . The expression of MalT from the malT P7 allele with the base substitution in the S-D sequence was undoubtedly H-NS-independent in vivo (Fig. 1C, lanes 4-6) , verifying that the absence of H-NS-mediated stimulation in the presence of an optimal S-D sequence is not linked to the specific conditions used in the in vitro system.
We next performed toeprint experiments to map the 39 boundary of the 30S ribosomal subunit on malT mRNA. Toeprints were observed at positions +15 and +16 from the malT AUG (Fig. 2, lanes 7,13) . Consistent with the in vitro translation results, the toeprint signal of malT P7 mRNA appeared to be stronger than that of malT WT mRNA. Preincubating 30S ribosomal subunits with increasing amounts of H-NS at 30°C caused the position of the toeprint signal on malT WT mRNA to shift 3-4 nt in the 39 direction (Fig. 2, lanes 8-10) , whereas malT P7 mRNA toeprints showed no such shift (Fig. 2, lanes 14-16) . Our results suggest that H-NS promotes reorganization of the 30S preinitiation complex formed on malT WT mRNA. Whether E. coli ribosomal proteins are specifically involved, either as part of the ribosome or functioning outside the ribosome (Park et al. 2001 ), remains to be investigated.
Secondary structure analysis of the malT WT and malT P7 mRNA leader sequences using the programs CONTRAfold (Do et al. 2006) and Mfold (Zuker 2003) suggested that these two mRNA segments are structurally identical and fairly unstable (À6.4 kcal/mol), with relatively long stretches of single-stranded structure (Fig.  3A) . To test whether binding of H-NS to the 59 leader might explain the increased translational efficiency, we created different truncation mutant variants (II-VI) by removing parts of the 59-untranslated region (UTR) (Fig.  3B ). These mutated mRNAs were translated in vitro with or without H-NS (0.2 mM). The effect of H-NS on the level of MalT translation from variant II (lacking 21 of the 59-most nucleotides) was the same as on wild-type mRNA malT WT (I). In contrast, H-NS had no enhancing effect on variants III-V (lacking the 27, 32, and 37 59-proximal nucleotides, respectively). Variant VI mRNA apparently was not translated at all, regardless of the presence or absence of H-NS, suggesting that sequences upstream of the S-D sequence are required in this case for proper translation initiation (Fig. 3C ). Cases in which unstructured regions upstream of a S-D are required for translation have been reported previously (e.g., see Darfeuille et al. 2007 ). We also tested the leader variants within the 59-UTR of malT P7 mRNA. All of the shortened variants except variant VI showed the same level of expression as the original malT P7 mRNA (I) (Fig. 3C , bottom). Taken together, these findings indicate that the unstructured 59-UTR contains sequences required specifically for H-NS-mediated stimulation, but not needed for translation per se. To assess if nucleotides in the region between À40 and À35 were specifically important for H-NS-facilitated translation, we introduced the alternative nucleotides as indicated in variant I* (Fig. 3B ). The variant I* exhibited no H-NS-facilitated stimulation of translation ( Fig. 3D, lanes 3,4) . Translation of the malT P7 mRNA I* variant was independent of H-NS (Fig. 3D , lanes 7,8).
We used a gel mobility shift assay in order to test whether H-NS can bind to the malT 59-UTR, and whether the À35 to À40 AU-rich sequence is required. The results suggest that H-NS directly binds the AU-rich sequence from À35 to À40 in the 59-UTR of malT WT mRNA, as indicated by the shifted mobility of malT WT mRNA (I), whereas no shift was observed when the variant I* mRNA was tested in the gel mobility shift assay (Fig.  3E , lanes 1-8). Our findings with different variants of the 59-UTR of malT mRNA suggest that specific AU-rich sequences are involved in H-NS-facilitated translation in cases of suboptimal S-D sequences. Mutation analysis implicated sequence specificity in the À40 to À35 region. The presence of certain sequences upstream of the S-D Figure 1 . H-NS protein controls expression of malT in vivo and in vitro. (A) E. coli wild-type (WT) Dhns, DstpA, and Dhns,stpA strains were grown in Luria-Bertani medium at 30°C and harvested at 0.5 OD 600 . b-Galactosidase activity expressed by malT-lacZ transcriptional (black) and translational (gray) fusion constructs was monitored as described in the Materials and Methods. Data shown are the mean of three independent experiments. Data for malT-lacZ translational fusion constructs are from a previously published study (Johansson et al. 1998) MalT protein levels in E. coli derivatives with malT WT or malT P7 chromosomal alleles and effect of a Dhns mutation. The strains used were pop1951malT WT and pop1953malT P7 (Danot and Raibaud 1994) , and their hns + and Dhns derivatives obtained after cotransduction using a trpBTTn10 insertion marker for selection as described earlier (Sondé n and Uhlin 1996) . Western blot analyses were performed using polyclonal antibodies for detection of the MalT and H-NS proteins, respectively. sequence is known to enhance translation (Komarova et al. 2002) . These ''enhancers'' are often AU-rich regions, occurring in exactly this À40 to À30 region found to be necessary for increased translation efficiency in the presence of H-NS in malT mRNA.
Our findings with malT prompted us to investigate whether translation of other genes with suboptimal S-D sequences would be influenced by H-NS. From the E. coli database, we identified 10 genes with only one mismatch from the S-D sequence of malT WT mRNA (positions À13 to À7 from AUG): dpiA, artQ, ynfF, purR, chbF, znuB, lrhA, ygjN, yhbW, and sfsB. RNA secondary structure predictions (CONTRAfold), and computation of their Z-scores (see the Supplemental Material; Freyhult et al. 2005) , revealed these mRNAs to be mainly unstructured, with the exception of ygjN (Supplemental Table S1 ). We investigated the potential role of H-NS in translation of dpiA, ynfF, lrhA, and yhbW mRNA. We also included znuA, as it was reported that in vivo expression of ZnuA can be increased in the presence of H-NS (Hommais et al. 2001) . For each gene, codons for a His tag were included, and we also tested two mutant derivatives: one with an improved S-D sequence (GGAG; cf. malT P7 mRNA), and the other with an abolished AUG start codon (AUG / GCG). His-tagged proteins were produced in vitro, and were detected by Western blot analysis (Fig. 4A , middle) using GroEL protein (Fig. 4A, bottom) as an internal standard. The results revealed that addition of H-NS increased translation of wild-type lrhA, dpiA, and znuA to levels comparable with those of mutants with improved S-D sequence (Fig. 4A, top, lanes 1-3,5-7,9-11 ).
Expression of yhbW was unaffected by addition of H-NS (Fig. 4A, top, lanes 13-15) , whereas, in the case of ynfF, addition of H-NS resulted in weak but detectable stimulation (Fig. 4A, top, lanes 17-19) . As expected, changing AUG to GCG abolished translation of the mRNAs in all cases (Fig. 4A, top, lanes 4,8,12,16,20 ). These results suggest that H-NS can increase translation of mRNAs sharing S-D features similar to those of the malT gene. Addition of H-NS to lrhA and dpiA mRNAs with improved S-D [lrhA (GGAG) or dpiA (GGAG)] had no additional stimulatory effect on expression level (Fig.  4B, lanes 4,10) . Furthermore, H-NS did not restore expression of LrhA, DpiA, MalT WT , and MalT P7 when added with the AUG-GCG variants, allowing us to exclude the possibility that H-NS affects the accuracy of translation initiation such that alternative start codons are used (Fig.  4B [lanes 6,12], C [lanes 4,8] ). All of the five genes tested have AU-rich 59-UTR sequences, but not particularly in the region between À35 and À40; e.g., lrhA and dpiA have GUACC sequences at this position (Supplemental Table  S1 ). We hypothesize that the H-NS-facilitated stimulation of translation presumably correlates with the context of the suboptimal S-D sequence, including the seemingly unstructured features of the 59-UTR, rather than with only AU-rich elements. Interestingly, three of the genes found here to be distinctly stimulated by H-NS at the translational level encode transcriptional regulators (malT, lrhA, and dpiA). The direct coupling of translation to a key component of the bacterial nucleoid might ensure that translation, per se, occurs in this compartment; i.e., the physiological effect of this mechanism could be to localize, and effectively limit, synthesis of the particular gene products to the nucleoid.
From our results, we suggest a repositioning mechanism in which H-NS plays a major role in forming an active initiation-competent complex, adopting an optimized position for translation initiation (Fig. 4D ). In this model, H-NS would bind the unstructured mRNA of genes with suboptimal S-D sequences, allowing 30S ribosomal subunits to bind at an alternative downstream site. The 50S subunit then joins and translation can begin; thus, H-NS functions as an auxiliary initiation factor. In summary, we described here how the H-NS protein, earlier known as a transcriptional silencer in bacteria, can act as a positive factor in gene expression by its unexpected role in directly facilitating translation of mRNAs with suboptimal ribosome-binding sequences. It is remarkable that this protein diversifies its function, through action at both the transcriptional and translational level, to modulate gene expression both negatively and positively.
Materials and methods

Protein expression and purification
Procedures for preparation of purified H-NS and StpA proteins are described in the Supplemental Material.
Preparation of E. coli S30 extract from the BSN29 (hns, stpA) strain
The preparation of cell extract for in vitro translation is described in the Supplemental Material.
In vitro transcription and translation
DNA template for in vitro transcription was amplified by PCR from the genomic DNA of E. coli strains pop1951malT WT and pop1953malT P7 (Danot and Raibaud 1994) using the following primer set: one forward primer containing the T7 promoter sequence, and a reverse primer containing eight codons in tandem for the amino acid histidine and a stop codon (Supplemental Fig. S1 ). malT WT or malT P7 transcripts were obtained using the Ribomax largescale RNA production system T7 (Promega) with 5 mg of DNA templates. Genomic DNA of MG1655 was used as a template to amplify genes lrhA, dpiA, znuA, yhbW, and ynfF by PCR. The nucleotide primers used to generate DNA templates for transcription are listed in Supplemental Table S2 . T7-directed transcripts were translated with or without purified H-NS or StpA protein using E. coli S30 extract from BSN29 (hns, stpA). The total volume of 50 mL of reaction mixtures contained 10 mL of S30 extract from BSN29, 20 mL of S30 premix without amino acids (Promega), 5 mL of amino acid mixture minus methionine (1 mM; Promega), 60 mg of RNA (6.5 nM), and 1 mL of [
35 S]methionine (1175 Ci/mmol).
35
S-labeled proteins were resolved on 12.5% SDS-PAGE, visualized by autoradiography, and quantified with ChemiDoc XRS (Bio-Rad) using Quantity One software. The malT in vitro translation resulted in a major polypeptide product with a size of ;17 kDa, and, due to presumed read-through of a UGA stop codon, an additional ;18-kDa product appeared in several experiments.
Toeprint analysis
The toeprinting assay was carried out using 30S ribosomal subunits malT WT or malT P7 mRNA and tRNA fMet as described previously (Hartz et al. 1988; Heidrich et al. 2007) . Two microliters of 32 P-labeled primer (30 pmol) (Supplemental Table S2 ) in a 20-mL reaction was annealed with mRNA (0.25 pmol, 25 nM) in a 10-mL reaction. Two microliters of primer/mRNA mixture was mixed with and without 30S (4 pmol) or tRNA fMet or purified H-NS, and was incubated for 10 min at 30°C. Two microliters of M-MuLV RT (Molony murine leukemia virus reverse transcriptase, Fermentas; 200 U/mL) was added to the reaction, which was further incubated at 37°C and stopped after 10 min by adding formamide loading dye (92% formamide, 10 mM EDTA, 0.5% bromophenol blue/xylene cyanol). The samples were heated for 5 min at 95°C, centrifuged for 20 sec, and separated on a denaturing 8% polyacrylamide-urea gel. A DNA sequencing reaction was performed with the PCR product obtained from pop1951malT WT with the same end-labeled primer. Radioactive bands were visualized with a PhosphorImager.
Gel mobility shift assay malT WT transcripts (30 pmol) from the wild type (I) and the variant I* were heated for 2 min at 90°C and cooled to room temperature before incubation with increasing concentrations of H-NS in 10 mL of binding buffer (50 mM Tris-HCl at pH 8.0, 250 mM NH 4 Cl, 10 mM MgCl 2 ). The reactions were incubated for 40 min at 30°C, whereupon 1 mL of 103 loading buffer (13 TBE, 50% glycerol, 0.1% bromophenol blue, 0.1% xylene cyanol) was added. The samples were resolved on a 6% native polyacrylamide gel run in 0.53 TBE at 4°C, stained with ethidium bromide, and visualized by ChemiDoc XRS (Bio-Rad).
Western blot analysis
For studies of MalT protein levels in vivo, the bacterial protein extracts were separated on 6% (for MalT detection) or 12.5% (for H-NS detection) polyacrylamide gels and transferred to polyvinylidene difluoride transfer membranes by use of a semidry blotting apparatus (1 h, 1 mA/cm 2 gel). MalT and H-NS were detected by using anti-MalT (Johansson et al. 1998) and anti-H-NS antisera (Johansson and Uhlin 1999) , respectively. Proteins from in vitro translation experiments were separated on 12.5% polyacrylamide gels and transferred to nitrocellulose membranes by electroblotting using a vertical buffer tank (1 h, 1 mA/cm 2 gel). LrhA, DpiA, ZnuA, YhbW, and YnfF were detected using purified anti-Penta His (Qiagen) monoclonal antibodies. The level of GroEL protein in the in vitro translation mixture was detected by using polyclonal purified antiGroEL (Sigma) antisera.
b-Galactosidase assay
The b-galactosidase assays were performed essentially as described before (Miller 1972) .
Database searches and Z-score analysis
The sequences of E. coli K-12 genes used in this study were obtained via Colibri World-Wide Web Server (http://genolist.pasteur.fr/Colibri). Z-scores measure the number of standard deviations by which the minimal free energy of the native sequence deviates from the mean minimal free energy of a set of random sequences with the same dinucleotide frequency, and therefore indicate the stability of the native structure compared with the predicted structure of a random sequence with the same dinucleotide frequency (Freyhult et al. 2005) . A positive or slightly negative Z-score means that the sequences do not have a stable structure. A Z-score below À3 (or at least À2) indicates that the structure is much more stable than the predicted structure of a random unstructured sequence.
